ABSTRACT A double-diode-isolation method with low parasitic capacitance devices and reverse clamping is proposed to accurately extract the high-frequency and high-voltage dynamic on-resistance (R dson ) of AlGaN/GaN high electron mobility transistor (HEMT) power devices. The response time required for the drain voltage to drop back to the on-voltage of this testing circuit can reach 100 ns, and the forward voltage drop of the isolation diode is monitored in real time using low-voltage probes. A low value constant current source is built to power the testing circuit at only several mA to avoid additional self-heating effect. With these improvements, we can obtain a test frequency of more than 1 MHz, a test voltage of more than 600 V and an accuracy of higher than 97.8% for the extraction of dynamic R dson .
I. INTRODUCTION
AlGaN/GaN high electron mobility transistor (HEMT) power electronic devices have several merits due to their wide bandgap energy, high electron mobility and strong polarization [1] - [3] . However, the high off-state drain voltage (V ds_off ) leads to trapping processes [4] - [5] , so the dynamic on-resistance (R dson ) may be several times larger than DC R dson and becomes the major factor in the power loss in AlGaN/GaN HEMTs [6] - [7] .
The voltage swing at the drain side is very large, ranging from several millivolts in the on-state to hundreds of volts in the off-state [8] - [9] . To extract the dynamic R dson precisely, several state-of-the-art circuits were proposed [10] - [15] . Lu et al. used a voltage clamping by MOSFETs (metaloxide semiconductor field-effect transistors), as shown in Fig. 1(a) , and Badawi et al. used a voltage isolation by SiC diodes, as shown in Fig. 1(b) . The MOSFET and SiC diode used in these two methods have large parasitic capacitance while voltage stress is below 10 V, and this capacitance will greatly affect the frequency response of the testing circuit, so their testing frequency is below 250 kHz. In addition, the MOSFET in [10] keeps operating in a linear conducting state. This behavior will introduce a leakage current leading to a voltage drop across the MOSFET. Whereas the test circuit in [11] is supplied by an energy storage capacitor, thus, the forward current of the isolation diode is not constant, and the forward voltage drop of the isolation diode is variable. Obviously, these voltage drops in [10] and [11] will reduce the extraction accuracy of dynamic R dson . Gelagaev and Everts et al. used a cascade current mirror, as shown in Fig. 1(c) , and carried out the testing below the conditions of 2 MHz f s and 300 V V ds_off [12] - [15] . However, the currents in the two branches are not in exactly 1:1, and this current ratio is slightly affected by the high dV/dt of the point A. In addition, the large currents they used (about 80 mA) will bring temperature problem as well as different voltage drops between D A and D B . This result will affect the test accuracy of the dynamic R dson . Also, a freewheeling diode has not been employed to cause reverse clamping, which also greatly affects the frequency response of the testing circuit. With the increase of V ds_off , the parasitic capacitance of the functional devices (including the isolation diodes and reverse clamping diodes) will become larger and the impact of the freewheeling diode on the frequency response will become more obvious. Further, none of these methods monitors the voltage drop of the isolation device in real time, or discusses the relationships between dynamic R dson , f s and the duty cycle (D).
In this work, a new method is proposed for extracting the dynamic R dson of AlGaN/GaN HEMT power devices operated at high frequency and high drain voltage. First, double isolation diodes in series at high-side and freewheeling diodes with high voltage and low parasitic capacitance are employed, where the series combination of the double isolation diodes can further reduce the parasitic capacitance and hence improve the frequency response of the test circuit. Then, the forward voltage drop of one isolation diode (V F ) is measured in real time, and a high precision and low value constant current source is used to improve the extraction accuracy of dynamic R dson and avoid additional self-heating effect. The detailed comparison with our work and previous works in [10] - [15] is shown in Table 1 . Finally, the accuracy of this extraction is quantified by a statistical method. The dynamic R dson of the AlGaN/GaN HEMT can be tested using the above testing circuit, and the test results are given by
II. DYNAMIC RDSON EXTRACTION METHOD
where V B , V F_D2 and I drain , I D2 , I 1 are the voltage at point B, the forward voltage of D 2 , and the current flowing through a resistive load and D 2 , and the current of the constant current supply, respectively. As shown in Fig. 3(d) , the numerator on the right-hand side of the Eq. (1) is the device drain voltage which can be obtained by testing V B and V F_D2 , assuming that the forward voltage of D 1 (V F_D1 ) is equal to V F_D2 . Similarly, the denominator on the right-hand side of the Eq. (1) is the device channel current which is the sum of the tested I drain and the branch current of I 1 after deducting the current flowing through the R t .
To further address the important role of the functional devices and their parasitic capacitors, we divide the switching processes into four stages, as shown in Fig. 3 . The I drain , V drain and V B are tested by a current probe (TCP0020), a high-voltage differential probe (THDP0200) and a lowvoltage probe with 1:1 attenuation (P2221), respectively, and displayed on an oscilloscope (MDO3104). The V F_D2 of D 2 is tested by a low-voltage differential probe with 1:1 attenuation (TIVH02). In particular, the 1:1 attenuation probe will not amplify the background noise when measuring the signal, and can extract the V B more accurately. Fig. 3(a) shows the test circuit in off-state, where D 1 and D 2 are switched off. The potential of point C (V C ) is clamped by ZD 1 , and V B is at a low voltage with the value of less than 15 V. Fig. 3(b) shows the test circuit in turn-on transition, and the V drain decreases to an on-state voltage from V ds_off with high dV/dt. Both V C and V B become negative because of the parasitic capacitors, and these voltages are clamped by the freewheeling diodes ZD 1 and D 3 . Then, the parasitic capacitors are charged by I 1 and the freewheeling currents. If the parasitic capacitance of the isolation device reaches 450 pF, the frequency response will be lower than 100 kHz under I 1 = 3 mA and 50% duty cycle conditions, as plotted in Fig. 4(a) , where the frequency response is associated with the response time required for the drain voltage drop back to the on-voltage of this testing circuit.
If the freewheeling diodes of ZD 1 and D 3 are removed, the frequency response will exhibit a further drop to below 25 kHz, as shown in Fig. 4(b) . If the low parasitic capacitance functional devices mentioned above are used, the frequency response will be higher than 5 MHz with below 100 V V ds_off , as shown in Fig. 4(c) . It can be deduced that the test circuit can achieve around 3 MHz frequency responses under 600 V V ds_off according to a 10 V/ns dV/dt of the HEMT device. From Fig. 3 , we can conclude that the parasitic capacitance of these functional devices and the freewheeling diodes have major effects on the frequency response of this extraction circuit. freewheeling currents. Then D 1 and D 2 are completely forward conducting, and the R dson of the AlGaN/GaN HEMT device can be tested, as shown in Fig. 3(d) .
III. EXPERIMENTAL VERIFICATION AND DISCUSSION
Comparative test results of dynamic R dson with a resistive load are shown in Fig. 5 at various values of V ds_off , f s , and D, respectively. The dynamic R dson extraction process is illustrated in Fig. 5(d) , the conductive voltage and current are measured at on-state of the device with average values in a stable region. As shown in Fig. 5(a) , it can be clearly seen that the tested dynamic R dson becomes larger as V ds_off increases. Actually, when the drain voltage is larger than 10 V, the problem of dynamic R dson increase will occur. That means the dynamic R dson is voltage-dependent. Fig. 5(b) and Fig. 5(c) show the relationships between the dynamic R dson and the f s and D. The tested dynamic R dson increases as the f s increases or the D decreases. The f s and D determine the onstate and off-state time, indicating that the dynamic R dson is also determined by the ON and OFF time of the high electric field applied at drain terminal of HEMT. From Fig. 5 , the tested dynamic R dson under conditions of 50 kHz f s , 80% D and 500 V V ds_off is found to be approximately 3 times bigger than DC R dson . Therefore, we can conclude that large drain voltage (> 10 V) is the major reason for the increase in dynamic R dson , while small on-state time and large off-state time is the minor reason. As is well-known, the high electric field introduced by the high drain voltage will lead to the trapping effect of an HEMT device, and the time required for electron trapping is several nanoseconds, the electron detrapping time is several seconds. Therefore, the longer the high drain voltage is applied, the more trapped electrons accumulated, and the larger the dynamic R dson becomes. This is consistent with our test results, and we should pay great attention to the dynamic R dson which becomes the major factor in the power loss of the HEMT device.
IV. QUANTIFYING THE EXTRACTION ACCURACY
We further investigated the accuracy of the dynamic R dson that can be quantified by the absolute errors [16] . We classified the errors into two categories according to their effect on accuracy. The I 1 in Eq. (1) can be ignored, because it is far smaller than I drain . Then, the first kind of absolute error ( R dson_1 ), resulted from the discrepancy between measurement value and real value, can be depicted based on (1) by [17] 
where delta variables denote the test errors (the discrepancy between test value and real value) of corresponding variables. At a temperature of 300 K, the low-voltage test error is obtained by testing a calibrated voltage signal at 50 kHz f s using 1:1 low voltage probes, and this error is found no more than 4 mV in the range of 0. 
To further improve the extraction accuracy, I drain should be chosen as large as possible but should not bring a temperature problem. We increase the I drain to 5 A, then I drain is set at 50 mA, and V B − 2V F_D2 is tested at 5 A I drain and set at 1.4 V, other variables are the same as above. Then, the total absolute error R dson should be updated by Therefore, the larger I drain , the better extraction accuracy of dynamic R dson . When the dynamic R dson is measured under more severe conditions, the dynamic R dson will be larger, then the V B will be larger, and the calculated extraction accuracy will be higher.
V. CONCLUSION
A novel DDI method for extracting the dynamic R dson of AlGaN/GaN HEMT power devices has been proposed and an extracting accuracy of 97.8% is achieved with f s up to 1 MHz with a V ds_off that is under 600 V. The role of freewheeling diodes and parasitic capacitance of devices, and the relationships between dynamic R dson and V ds_off , f s and D are investigated, then, 100 ns response time can be obtained by employing low-parasitic-capacitance devices. In addition, extraction accuracy of dynamic R dson in the test circuit can be further improved by employing a high-precision constant current source, or testing in a larger I drain . This measurement technique can also be used on the Si-MOSFET, SiC-MOSFET and other FETs to extract their R dson even in the conditions of high-voltage and high-frequency.
